
AbstrAct

three samples of eclogite from the balma Unit, an ophiolite sheet on top of 
the Monte rosa Nappe in the Pennine Alps, were investigated in terms of 
their P-t evolution, geochemistry, and Lu-Hf geochronology. the paleogeo-
graphic origin of this unit is controversial (North Penninic vs. south Penninic). 
It has been interpreted as a piece of Late cretaceous oceanic crust, on the ba-
sis of ca. 93 Ma U-Pb sHrIMP ages of synmagmatic zircon cores in an eclog-
ite. trace element and isotope data suggest a mid ocean ridge (MOr) rather 
than an intraplate or OIb setting for the protoliths of the eclogites. Electron 
microprobe analyses of representative garnets show typical prograde zoning 
profiles. Estimated peak metamorphic temperatures of 550–600 °c most likely 
did not exceed the closure temperature of the Lu-Hf system. Hence, Lu-Hf 
ages most likely reflect garnet growth in the studied samples. to minimize 
inclusion effects on age determinations, a selective digestion procedure for 
garnet was applied, in which zircon and rutile inclusions are not dissolved. 
the ages obtained for three samples, 42.3 ± 0.6 Ma (MsWD: 0.47), 42 ± 1 Ma 

(MsWD: 3.0) and 45.5 ± 0.3 Ma (MsWD: 0.33), are younger than all Lu-Hf 
ages reported so far for south Penninic Units. Metamorphic zircon domains 
of the 42.3 Ma sample (PIs1) were previously dated by U-Pb sHrIMP at 
40.4 ± 0.7 Ma, indicating that the growth of metamorphic zircon post-dated 
the onset of garnet growth.

these new data put important constraints on the paleogeographic recon-
struction of the Alps. the MOrb character of the rocks, together with their 
previously published protolith age, imply that oceanic spreading was still tak-
ing place in the Late cretaceous. this supports a North Penninic origin for 
our samples because plate tectonic models predict cretaceous spreading in 
the North Penninic but not in the south Penninic Ocean. If the balma Unit 
is indeed North Penninic, the new Lu-Hf data, in combination with published 
geochronological data, require that two independent subduction zones con-
sumed the south and North Penninic oceans.

1. Introduction

Despite a wealth of geological and geochronological data, 
there are still conflicting models for the tectonic evolution of 
the Alps. current rapid progress in dating metamorphic min-
erals such as garnet has provided a new tool to date tectono-
metamorphic events in high pressure terrains. In this study, we 
apply Lu-Hf garnet geochronology to high-pressure rocks of 
the balma Unit in the swiss-Italian Pennine Alps. this area is 
formed by a stack of nappes, the Penninic Nappes (Figs. 1, 2), 
which originate partly from continental crust (Variscan base-
ment with Permian and Mesozoic cover rocks), and partly from 
Mesozoic oceanic crust. these rocks were imbricated from the 
latest cretaceous through the Early tertiary and affected by 
several phases of folding and shearing. this modified the initial 
geometry of the nappes to such an extent that restoring the 
deformation back to the pre-orogenic arrangement of the units 
is difficult and controversial.

Most authors agree that in the cretaceous, two partly oce-
anic basins existed between Europe to the Northwest and Adria 
(Apulia) to the southeast: the south Penninic or Piemont-Li-
gurian Ocean, and the North Penninic or Valais Ocean. the 
former opened in the Middle and Late Jurassic, and the latter 
opened in the cretaceous (stampfli et al. 1998). the briançon-
nais continental peninsula represented an eastward-tapering 
promontory of the Iberian continent between these two oce-
anic basins (Frisch 1979; stampfli 1993). Due to the sinistrally 
transtensive opening of the North Penninic Ocean along a 
trace oblique to the south Penninic Ocean, Jurassic crust of 
the south Penninic Ocean was captured in the North Penninic 
basin, in addition to the new, cretaceous-age oceanic crust 
(Fig. 2b; Liati et al. 2005).

continental crustal rocks of the sesia and Dent blanche 
nappes occupy the highest position in the nappe stack. they 
originated – according to an interpretation preferred by the 
present authors – from a continental fragment in the south 
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Penninic Ocean, called the Margna-sesia fragment or cervinia 
(Froitzheim & Manatschal 1996; Froitzheim et al. 1996; schmid 
et al. 2004; Pleuger et al. 2007). According to other workers, 
these nappes were derived from the Adriatic continental mar-
gin proper (stampfli 1993; Avigad et al. 1993). Ophiolite units 
occur below the Dent blanche-sesia nappe system. these are 
subdivided into two large units, the structurally higher com-
bin Zone and the structurally deeper Zermatt-saas Zone. the 
combin Zone records lower pressures during the subduc-
tion-related metamorphism (blueschist facies; bousquet et al. 
2004) than the Zermatt-saas Zone (eclogite facies, locally with 
coesite; reinecke 1991, 1998; bousquet et al. 2004).

the eclogite-facies ophiolites of the Zermatt-saas Zone 
overlie continental basement rocks of the Monte rosa Nappe. 
the latter include paragneisses, Late Variscan to post-Variscan 
granites partly transformed to orthogneisses, and amphibo-
lite boudins that in some places contain eclogite relics. In the 
area under consideration, on the southern flank of the Monte 
rosa massif, the ophiolites of the Zermatt-saas Zone do not 
rest directly on the Monte rosa gneisses, but on a thin layer 
of gneiss (stolemberg Unit), which overlies an ophiolite layer 
(balma Unit), which in turn rests on the Monte rosa Nappe 
(Pleuger et al. 2005). this geometry is modified by three phases 
of folding postdating the emplacement of the nappes (Figs. 3, 
4). the balma Unit is made up mostly of serpentinite, eclogite, 

and minor amphibolite. the paleogeographic origins of these 
units are controversial. According to Froitzheim (2001); Liati 
& Froitzheim (2006), and Pleuger et al. (2005, 2007), the Monte 
rosa Nappe represents the European continental margin, the 
overlying balma Unit the North Penninic Ocean, the stolem-
berg Unit the briançonnais, and the rest of the Zermatt-saas 
Zone the south Penninic Ocean. According to other authors 
(Keller & schmid 2001; Kramer et al. 2003), the Monte rosa 
Nappe originates from the briançonnais continental crust and 
the overlying units (balma, stolemberg, Zermatt-saas) all rep-
resent the south Penninic Ocean. these controversial views 
result from different ways of retrodeforming the complex geo-
metry of the Penninic nappes.

Eclogite from the balma Unit (sample PIs1) has recently 
been the subject of U-Pb sHrIMP geochronology on zircon 
(Liati & Froitzheim 2006). Magmatic zircon domains yielded 
a cretaceous protolith age of 93.4 ± 1.7 Ma (cenomanian-
turonian) and metamorphic domains a Late Eocene age of 
40.4 ± 0.7 Ma, interpreted as the age of high-pressure meta-
morphism. In the present study, we studied the geochemistry, 
P-t evolution, and Lu-Hf geochronology of the same sample 
PIs1 and two other eclogites from the balma Unit to put ad-
ditional constraints on the origin and metamorphic history of 
these rocks.

Fig. 1. cross section through the swiss–Italian Western Alps, modified after Escher et al. (1993). In this profile and in Fig. 2a, small crosses indicate former 
European continental crust, dark grey North Penninic ophiolites, vertical ruling briançonnais continental crust, middle grey south Penninic ophiolites from the 
Zermatt-saas basin, light grey south Penninic ophiolites from the tsaté basin, and “x” pattern units from the cervinia continental fragment. the paleogeo-
graphic affiliation shown here follows the interpretation of Froitzheim (2001) and Pleuger et al. (2007).
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2. Sample description, petrography and P-T evolution

three partially retrogressed eclogites, all sampled close to Alpe 
la balma, NW of Alagna Valsesia (Figs. 3 and 4), have been in-
vestigated in detail. All three eclogites contain garnet, amphi-
bole, clinozoisite, quartz, paragonite, albite, and rutile ± epidote, 
± chlorite, ± zircon and ± opaques. sample Mr56 also displays 
a small amount of phengite allowing the application of the Grt-
cpx-Phg barometer (ravna & terry 2004). Although there is a 
weak retrograde overprint, the peak-pressure assemblage (Grt 

+ cpx1 + Pg Qtz + rt + Am1 ± Phg) is well preserved in all 
samples investigated (Fig. 5).

Garnets are usually 0.5–3 mm in diameter and euhedral. 
they often have inclusions in their cores and wide, almost in-
clusion-free rims (Fig. 5a). Inclusions in garnet comprise clino-
pyroxene, amphibole, quartz, clinozoisite, rutile, sphene. there 
are also rare plagioclase inclusions, but it is not clear whether 
these are primary or products of retrograde reactions. Garnets 
display typical prograde compositional patterns with elevated 
grossular and spessartine components in the cores and a bell-

Fig. 2. (A) tectonic map of the Penninic nappe stack between the sesia-Dent-blanche nappe system and the simplon line, modified after steck et al. (1999).  
E-L Etirol-Levaz sliver. (b) Paleogeographical sketch map of continental and oceanic domains for early Late cretaceous time. Mr Monte rosa, A Antrona, ba 
balma, bs st. bernard and stolemberg, Db Dent blanche, se sesia. (c) Overview map of the central Alps. bz bellinzona-Dascio Zone, be bergell Pluton, Ma 
Margna Nappe, P-L Piemont-Ligurian (south Penninic) ophiolites.
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Fig. 4. tectonic interpretation of north-south cross sections through the study area. Positions of the sections are indicated in Figure 3. cF: Axial trace of the 
cimalegna Fold; LMF: Lower Malfatta Fold; MoF: Molera Fold; UMF: Upper Malfatta Fold

Fig. 3. Geological map of the upper sesia and Gressoney valleys. Italian Gauss-boaga coordinates for sample locations are E:1414610 N:5081110 for samples 
PIs1 and Mr1 collected at the same outcrop and r:1414270 H:5081930 for sample Mr56. Zs = Zermatt-saas, Mr = Monte-rosa, white stars = sample locations. 
the map area is marked by the rectangle in Figure 2 (top).
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shaped distribution of the Fe/(Fe+Mg) ratio (Fig. 6). chemi-
cal profiles across the garnets and X-ray mapping confirm the 
petrographic observation that there is little or no corrosion or 
retrograde re-equilibration of garnets because in most cases 
neither the spessartine component nor the Fe/(Fe+Mg) show 
an increase towards the very rim. However, garnet cores can 
occasionally be completely retrogressed, with the rim still being 
intact. two generations of clinopyroxene are present (table 1). 
Matrix clinopyroxene (cpx1) is extremely sodium-rich with XJd 
in excess of 0.5 in all samples reflecting the high sodium con-
tents of the bulk rocks. clinopyroxene 1 is often rimmed by 
symplectites of fine-grained albite and sodium-poor clinopy-
roxene (cpx2). In samples Mr1 and PIs1, only a few crystals of 
amphibole and clinozoisite are visible in thin section. together 
with elongated domains of symplectite around cpx1, these two 
minerals define a weak foliation. In contrast, sample Mr56 was 
more strongly deformed during retrogression, the formation of 
symplectites is more pronounced, and there is abundant clino-
zoisite, which is well-aligned in shear bands and along the main 
foliation. Amphibole generally has a high glaucophane com-
ponent (Am1: siO2 content of 52–55 wt%; Na mainly on the 
b-site). Occasionally, they have thin rims of barroisitic/parga-
sitic hornblende (Am2: siO2 content of 40–42 wt%; Na mainly 
on the A-site). Feldspar is only present in symplectites and is 
generally pure albite. Phengite in sample Mr56 contains about 
6.8 p.f.u. of si. We only found a couple of grains but these were 
sub- to euhedral and appear to have been in equilibrium with 
the high pressure assemblage. In contrast to phengite, large 
paragonite crystals are abundant in all samples.

Pressures obtained with the Grt-cpx-Phg barometer (ravna 
& terry 2004) for sample Mr56 range from 17 to 20 kbar (at 
temperatures between 400 and 700 °c; Fig. 7). Various Grt-
cpx thermometers yielded a wide range of unreasonably low 
temperatures (200–450 °c). to constrain the P-t evolution, we 
calculated an equilibrium phase diagram (De capitani 1994) 
for a simplified bulk composition of sample Mr56 (si-Al-Fe-

Fig. 5. thin sections (a,b,c) and bsE image (d) 
of the studied samples. (a) Large idiomorphic 
garnet (sample Mr1) with a typically inclusion-
rich core and an almost inclusion-free rim. (b) 
Enlarged image of the garnet core from image 
a, with inclusions of titanite, amphibole, and so-
dium rich clinopyroxene (cpx1). (c) symplectite 
of albite and sodium-poor clinopyroxene (cpx2), 
which grew at the expense of cpx1 (Mr56). (d) 
bsE image of sample Mr56. Inclusions of clino-
pyroxene in garnet are sodium-rich cpx1. Min-
eral abbreviations are after Kretz (1983), except: 
Am = amphibole.

Fig. 6. Element profiles plotted for selected garnet grains from samples PIs1 
(a,b), Mr1 (c,d) and Mr56 (e,f). Garnets were selected by their high Mn 
count rates obtained from element mapping, implying that the grains where 
cut close to their cores. Garnet grain diameters are (a) 1 mm, (b) 1.2 mm, (c) 
3 mm, (d) 0.8 mm, (e) 2.5 mm and (f) 2 mm.
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Mg-ca-Na-O system). there are currently no widely accepted 
solution models available for clinopyroxene and especially for 
amphibole. For both minerals, we have used an arbitrary ideal 
solution model. Further limitations arise from the fact that in-
dividual domains of the sample obviously equilibrated at dif-
ferent metamorphic stages, calling into question the use of bulk 
rock XrF major element data as a viable input composition. 
Nevertheless, the equilibrium phase diagram allows some con-
clusions about the P-t evolution. For the given bulk compo-
sition, the observed peak-pressure assemblage (Grt + cpx1 + 
Qtz + Pg + Am) is predicted to be stable over a fairly large P-t 
range (500–700 °c and 12–20 kbar). Assuming that the pres-
sure range inferred from barometry is correct, peak conditions 
should be around 550–600 °c and 17–19 kbar. the stability field 
of the peak-pressure assemblage is limited towards higher tem-
peratures through the breakdown of paragonite which should 
decompose to form kyanite and clinopyroxene1 at higher pres-
sures (assemblage 1 in Fig. 7) and plagioclase and amphibole at 
lower pressures (assemblage 3). the locations of the paragonite 
breakdown reactions in P-t space are relatively insensitive to 
the bulk composition and are in any case associated with dehy-
dration. thus we consider the presence of paragonite to be a 
robust constraint on P and t conditions. Hence, the equilibrium 
phase diagram indicates that pressures did not exceed 20 kbar 
and that decompression was associated with cooling, a conclu-
sion that is also supported by the compositions of retrograde 
amphiboles and feldspar. the equilibrium phase diagram fur-

ther predicts the appearance of clinozoisite at conditions below 
500 °c and 12 kbar. the peak P-t conditions proposed here 
agree well with independent P-t calculations on sample PIs1 
(500–590 °c and 13–14.5 kbar minimum P) by Liati & Froitz-
heim (2006).

some studies have inferred a reheating of samples from the 
southern flank of the Monte rosa massif based on late genera-
tions of hornblende and plagioclase (e.g., Alta Luce, borghi et 
al. 1996). In our samples, we observe the hornblende rims but 
could not identify ca-bearing plagioclase. Our calculations pre-
dict decreasing glaucophane components in amphibole towards 
lower pressures even during cooling along the proposed P-t 
path. Given the limited coverage of this study, we do not ex-
clude the possibility of a reheating event at low pressures. How-
ever, the persistence of large paragonite crystals, which were 
apparently part of the peak metamorphic assemblage, should 
constrain the temperatures to less than 500 °c at pressures 
below 10 kbar. Along the P-t path, garnet is most abundant 
at peak-pressure conditions. because the chemical zonation of 
garnet is of a typical prograde nature, we propose that garnet 
growth in our samples occurred as pressures and temperatures 
increased during subduction to peak pressure conditions.

3. Analytical methods

samples were crushed in a steel mortar and divided into two 
splits. One split was powdered in an agate mill and used for 

table 1. representative microprobe analyses of eclogite phases in wt% and p.f.u. *All Fe is calculated as FeO.

sample:
Mineral:

Mr56
Grt
(rim)

Mr56
Grt
(core)

Mr56
cpx 1

Mr56
Am 1

Mr56
Am 2

Mr56
Ab

Mr56
Pg

Mr1
Grt
(rim)

Mr1
Grt
(core)

Mr1
cpx 1

Mr1
cpx 2

Mr1
Ab

PIs1
Grt
(rim)

PIs1
Grt
(core)

siO2 37.9 37.5 55.5 53.7 40.4 67.4 51.1 38.9 39.3 56.3 53.3 67.4 38.3 38.3
tiO2 0.073 0.152 0.033 0.135 0.032 <DL 0.175 0.072 0.191 0.024 0.093 0.002 0.051 0.103
Al2O3 21.8 21.6 10.5 7.02 18.1 19.7 27.7 22.1 22.0 11.8 1.85 20.0 22.2 22.1
FeO* 29.6 28.1 6.18 7.83 14.9 0.178 1.63 29.3 19.9 3.32 5.85 0.234 28.8 19.4
MnO 0.404 1.37 0.041 0.093 0.183 <DL 0.012 0.155 4.96 <DL 0.163 <DL 0.610 8.57
MgO 3.89 2.21 7.31 16.3 9.10 <DL 3.54 2.82 0.803 7.71 13.2 0.022 3.58 0.697
caO 6.65 8.79 11.3 8.80 10.0 0.207 0.009 7.37 14.0 12.0 22.3 0.454 6.55 10.8
Na2O 0.013 0.012 8.00 3.50 3.57 11.7 0.677 <DL 0.026 7.86 1.58 11.4 0.039 0.044
K2O 0.029 0.016 <DL 0.172 0.743 0.061 9.725 0.040 0.043 0.014 <DL <DL <DL <DL
cr2O3 0.002 0.032 <DL 0.012 <DL 0.014 0.023 <DL 0.115 0.061 0.033 <DL 0.0000 0.030

sum 100.28 99.82 98.86 97.42 96.35 99.27 94.57 100.77 101.18 99.10 98.32 99.47 100.04 100.12

si 5.96 5.97 2.01 7.53 6.31 2.97 6.82 6.07 6.09 2.01 2.00 2.96 6.01 6.05
ti 0.009 0.018 0.001 0.014 0.004 0.00 0.018 0.008 0.022 0.001 0.003 0.000 0.006 0.012
Al 4.04 4.05 0.449 1.16 3.33 1.03 4.36 4.07 4.01 0.497 0.081 1.04 4.15 4.12
Fe 3.90 3.74 0.187 0.919 1.95 0.007 0.182 3.83 2.58 0.099 0.183 0.009 3.78 2.55
Mn 0.054 0.185 0.001 0.011 0.024 0.000 0.001 0.021 0.651 0.000 0.005 0.000 0.081 1.15
Mg 0.912 0.524 0.395 3.41 2.12 0.000 0.703 0.655 0.185 0.409 0.735 0.001 0.837 0.164
ca 1.12 1.50 0.438 1.32 1.67 0.010 0.001 1.23 2.32 0.456 0.894 0.021 1.10 1.83
Na 0.004 0.004 0.562 0.951 1.08 0.998 0.175 0.000 0.008 0.542 0.115 0.976 0.012 0.014
K 0.006 0.003 0.00 0.031 0.148 0.003 1.65 0.080 0.008 0.001 0.000 0.000 0.000 0.000
cr 0.000 0.004 0.00 0.001 0.000 0.000 0.000 0.000 0.014 0.002 0.001 0.000 0.000 0.004

sum 16.01 15.99 4.04 15.36 16.64 5.02 13.90 15.89 15.87 4.01 4.01 5.01 15.94 15.89

O 24.00 24.00 6.00 23.00 23.00 8.00 22.00 24.00 24.00 6.00 6.00 8.00 24.00 24.00
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major- and trace element analyses. the second split was used 
for mineral separation after the clay-size fraction was removed. 
Following separation of a garnet-rich fraction by a Franz Lb-1 
magnetic separator, visibly inclusion free garnet separates were 
hand picked mostly from the 128–180 µm size range. to avoid 
biasing the bulk garnet samples toward cores or rims, magnetic 
separator settings were chosen such that only a few impure 
garnet grains remained in the ‘garnet-poor’ fraction. However, 
because inclusion-free garnet fragments were preferred during 
handpicking, a bias towards the inclusion-poor garnet rims rela-
tive to the inclusion-rich garnet cores is likely. sample PIs1 had 
already been crushed at EtH-Zürich and was used for zircon 
separation (Liati & Froitzheim 2006). From this sample, only 
the 63–128 µm size fraction was available for garnet picking. 
Garnet separates (100–150 mg) were cleaned in an ultrasonic 
bath with deionised water and dried. Whole-rock analyses were 
performed on representative sample powders.

All samples were spiked with mixed 176Lu-180Hf and 149sm-
150Nd tracers before digestion. two different digestion proce-
dures were applied. (1) the rutiles and one set of whole rock 
powders were digested in steel-jacketed PArr bombs with 
HF-HNO3-HclO4 for 24 hours at 180 °c. (2) to selectively dis-
solve the garnet fractions without digesting microscopic grains 
of Hf-bearing phases such as zircon, a tabletop procedure was 
applied, whereby samples are digested with HF-HNO3-HclO4 
in closed teflon vials on 120 °c hotplates as described in Lagos 
et al. (2007). both digestion methods continue with samples be-
ing dried down on a hotplate, evaporating virtually all of the 
HclO4, and re-dissolving in 6 M Hcl. In most cases, the diges-
tion procedure had to be repeated at least once to achieve a 
visibly clear sample solution. At this point, the sample was as-
sumed to be fully equilibrated with spike. to screen for the pres-
ence of inherited zircon, which would affect the whole-rock Hf 
compositions, an additional set of whole rock samples was run 
through the tabletop digestion procedure. sufficient amounts 
of significantly older inherited zircon would cause the bombed 
whole rock fraction to lie below – rather than on – a table-top 
digested whole rock – garnet isochron. All sample solutions 
were dried down, re-dissolved in 2.5 M Hcl and centrifuged to 
remove any newly-formed precipitates or undigested minerals 
prior to loading onto cation exchange columns. A single-column 
separation procedure using Eichron Ln-spec resin was used to 
separate Lu and Hf from the rock matrix (Münker et al. 2001). 
Apart from the Lu and Hf cuts, a matrix cut that included the 
LrEE and MrEE was collected. two further column separa-
tion steps were carried out to purify sm and Nd. the LrEE and 
MrEE were first separated from the matrix elements by using 
cation exchange resin (AG 50 W ×12, 200–400 mesh) and 2.5 M 
Hcl. the resulting rEE fraction was collected in 6 M Hcl. sa-
marium and Nd were then purified on a third column using 
HDEHP- coated teflon beads after richard et al. (1976).

Lutetium and Hf measurements were carried out in static 
mode using the Micromass Isoprobe Mc-IcPMs at Universität 
Münster. Mass bias for Hf was corrected by using 179Hf/177Hf of 
0.7325 (Patchett & tatsumoto 1980) and the exponential law. 

Measured 176Hf/177Hf values are reported relative to 176Hf/177Hf 
= 0.282160 for the Münster Ames Hf standard, which is isoto-
pically identical to the JMc-475 standard. For the purpose of 
plotting isochrons, the external reproducibility of analyses was 
estimated using the empirical relationship 2σ (external 2 s.d.) 
= ~ 2 × 2σm (internal 2 s.e. run statistic) for replicate measure-
ments of different concentrations of Hf standard solutions (see 
bizzarro 2003). For interference corrections on 176Hf and 180Hf, 
the 173Yb, 175Lu, 181ta, and 182W signals were monitored. For 
Lu measurements, mass bias correction and correction of the 

176Yb interference was achieved by monitoring the naturally 
occurring Yb in the Lu cuts and using the trend defined by 
ln(176Yb/171Yb) vs. ln(173Yb/171Yb) of Yb standard analyses that 
were interspersed with samples during the run sessions (e.g., 
blichert-toft et al. 2002; Albarède et al. 2004; Vervoort et al. 
2004). this procedure typically results in an external reproduc-
ibility of ~0.2% (2σ) for the 176Lu/177Hf values of ideally spiked 
sample solutions. blanks for Lu and Hf were < 10 and < 50 pg 
respectively.

Neodymium isotope ratios of whole rock samples were de-
termined by Mc-tIMs (Finnigan triton) in Münster. the iso-

Fig. 7. Equilibrium phase diagram (De capitani 1994) calculated for the bulk 
composition of sample Mr56. chemical system is si-Al-Fe-Mg-ca-Na-O. Light 
grey lines indicate range of Grt-cpx-Phg barometry in the same sample. Dark 
arrow indicates inferred P-t path. Grey shaded area indicates paragonite-free 
assemblages posing a robust constraint on the P-t path of the sample. black 
and white shaded area indicates constraints on peak P-t conditions. selected 
assemblages: (1) Grt + cpx1 + Am + Qtz + Ky + H2O, (2) Grt + cpx + Qtz + Ky 
+ H2O, (3) Grt + Fsp + cpx + Am + Qtz + H2O, (4) Grt + cpx + Qtz + Pl + Am 
+ czo + H2O, (5) cpx + Qtz + Pl + Am + czo + H2O, (6) Grt + Fsp + cpx + czo 
+ Am + Qtz + H2O, (7) Fsp + cpx + Am + Qtz + H2O, (8) Grt + cpx + Qtz + Pl 
+ Am + Lws + H2O, (9) cpx + chl + Lws + Qtz + H2O. Mineral abbreviations 
are after Kretz (1983); except: Am = amphibole.
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baric interference on 144Nd was corrected by monitoring 147sm 
and using the natural 147sm/144sm. Mass fractionation was cor-
rected using a 146Nd/144Nd of 0.7219 and the exponential law. 
the typical reproducibility of 143Nd/144Nd values is ± 50 ppm. A 
value of 0.511847 was obtained for the LaJolla Nd standard 
during the course of this study.

X-ray fluorescence analyses of major and trace elements 
in whole rock samples were carried out at the steinmann-In-
stitut bonn, and electron microprobe work was conducted at 
the Institut für Geologie und Mineralogie in cologne. Further 
trace element abundances in whole rock samples were anal-
ysed by melting the samples with lithium tetraborate. the re-
sulting fused disks were analysed directly using the thermo 
Finnigan Element2 LA-sF-IcP-Ms at the Max-Planck-Institut 
für chemie in Mainz. Analyses of Nist 612 srM reference glass 
measured together with the samples indicate, that the 95% con-
fidence level of trace element concentration is usually better 
than 5–10% of the sample concentration (Jochum et al. 2007).

4. Results

4.1 Major and trace elements

Major and trace element data for the eclogite samples are 
given in table 2. All samples have similar basaltic compositions 
with 46.4–49.0 wt% siO2, Al2O3 of 15.9–16.2 wt% and 6.56–
7.84 wt% MgO. titanium contents are high (1.42–2.04 wt%) 
and Zr contents are moderately high for mafic rocks (113–
173 ppm). chondrite-normalized rEE patterns reveal that 
sample PIs1 is clearly depleted in LrEE, whereas samples 
Mr1 and Mr56 have rather flat patterns with a slight enrich-
ment in LrEE (Fig. 8a). Extended trace element patterns 
normalized to primitive mantle are similar to those of typical 
N-MOrb (Hofmann 1988). there appears to be evidence for 
U and LrEE mobility, as indicated by a U-enrichment in all 
samples and a positive Zr-Hf anomaly in sample PIs1 (Fig 8b). 
Element concentrations are given in table 2.

All measured garnets are typical almandine-rich, eclogitic 
garnets. Element profiles across representative garnets show 
characteristic zoning patterns of Fe, Mg, Mn, and ca. bell-
shaped manganese profiles are generally interpreted to indicate 
original prograde growth zoning in garnet (spear 1991; Kohn 
2003). In addition to this observation, molar Fe2+/(Fe2++Mg2+) 
decreases from core to rim in all samples. some garnets show 
slight enrichment of spessartine component at the outer garnet 
rim which could be interpreted either as the result of garnet dis-
solving on a retrograde Pt path or by breakdown of a Mn-rich 
phase during a late stage of garnet growth.

4.2 Lu-Hf geochronology

Figure 9 illustrates the 176Hf/177Hf and Lu-Hf results for the 
three analysed samples in Lu-Hf isochron space. Isochron 
regressions were calculated using IsOPLOt v. 2.49 (Ludwig 
2001), using the 2σ uncertainties in 176Lu/177Hf (table 3), and 2σ 
uncertainties in 176Hf/177Hf estimated from the 2σm internal run 
statistics as previously described. calculated ages are based on 
the decay constant of λ176Lu = 1.865 × 10–11 yr –1 (scherer et al. 
2001; corroborated by söderlund et al. 2004).

Hafnium contents in the whole rocks range from 0.4 to 
1.3 ppm. the garnets have Hf contents of 30 to 93 ppb and 

table 2. XrF and LA-IcP-Ms analyses for balma eclogite samples PIs1, 
Mr1, and Mr56.

Mr1 Mr56 PIs1

Major elements in weight percent oxides

siO2 48.5 49.0 46.5
tiO2 1.42 2.04 1.63
Al2O3 16.2 15.9 16.0
Fe2O3 9.62 10.8 15.0
MnO 0.18 0.18 0.28
MgO 7.84 6.56 6.62
caO 10.6 10.6 10.9
Na2O 3.46 3.08 2.47
K2O 0.030 0.16 0.030
P2O5 0.302 0.186 0.067
sO3 0.031 0.021 0.093

Trace elements (XRF) in ppm

sc 40 37 53
V 250 311 264
cr 262 205 205
co 40 39 47
Ni 133 96 83
cu 39 49 18
Zn 141 83 83
Ga 12 22 19

L.O.I. 0.82 0.67 0.03
total (in%) 99.09 99.28 99.82

Trace elements (LA-ICP-MS) in ppm

cs 0.044 0.11 0.67
rb 0.33 2.4 0.22
ba 10 6.6 7.3
th 0.20 0.24 0.19
U 0.11 0.15 0.17
Nb 2.4 3.6 3.4
ta 0.16 0.21 0.20
La 7.5 8.1 6.2
ce 13 18 12
Nd 13 19 12
Zr 112 168 171
Hf 2.8 4.0 4.0
Pr 2.2 3.3 2.0
sm 4.2 6.0 3.7
Eu 1.5 2.0 1.3
Gd 5.0 7.5 5.3
tb 0.77 1.1 1.3
Ho 1.2 1.8 2.6
Y 29 45 67
Er 3.4 5.0 7.6
tm 0.45 0.71 1.1
Yb 3.1 5.1 7.4
Lu 0.41 0.7 1.1
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Fig. 8. (a) chondrite-normalized rEE diagram (values from boynton 1984), showing compositions of the balma eclogites in comparison to those of N-MOrb 
(values are taken from Hofmann 1988). (b) Incompatible trace element diagram, normalized to primitive mantle (McDounough & sun 1995).

table 3. Lu and Hf concentrations and Hf-Nd isotope data for balma eclogite samples PIs1, Mr1 and Mr56. ‘Whole rock 1’ fractions were digested via the 
selective tabletop digestion procedure; ‘whole rock 2’ fractions were digested in bombs. Uncertainties on the last decimal places (in parentheses) are estimated 
2σ external reproducibility for 176Lu/177Hf and 147sm/144Nd, and 2σ/√n internal run statistics for 176Hf/177Hf and 143Nd/144Nd. For the purpose of plotting Lu-Hf 
isochrons, the 2σ uncertainties on 176Hf/177Hf are estimated using the method of bizzarro et al. (2003). see text for details. the 93 Ma zircon protolith age (Liati 
& Froitzheim 2006) is used to calculate εHf(t) and εNd(t).

fraction ppm Lu ppm Hf 176Lu/177Hf 176Hf/177Hf εHf(0) εHf(t) 

sample: PIS1
rutile 1 0.0212 2.02 0.001491 (8) 0.283242 (20)
rutile 2 0.0162 0.326 0.00706 (2) 0.282980 (32)
whole-rock 1 0.597 0.441 0.1922 (3) 0.283314 (25) 19.2 10.7 (9)
whole-rock 2 0.977 1.19 0.1170 (2) 0.283230 (8) 16.2 11.8 (5)
garnet 1 1.88 0.113 2.361 (4) 0.284977 (25)
garnet 2 2.04 0.101 2.858 (5) 0.285395 (21)
garnet 3 1.68 0.0927 2.576 (5) 0.285190 (22)

sample: MR1
rutile 1 0.0158 1.11 0.00201 (1) 0.283258 (23)
rutile 2 0.0108 0.260 0.00587 (2) 0.283448 (57)
whole-rock 1 0.492 0.400 0.1747 (3) 0.283325 (15) 19.5 12.0 (5)
whole-rock 2 0.410 0.872 0.06671 (13) 0.283190 (8) 14.8 13.0 (5)
garnet 1 1.26 0.0433 4.128 (8) 0.286436 (56)
garnet 2 1.30 0.0321 5.752 (10) 0.287797 (22)
garnet 3 1.28 0.0297 6.126 (11) 0.288053 (47)

sample: MR56 
rutile 0.0162 0.208 0.01104 (3) 0.283015 (37)
whole-rock 1 0.620 0.433 0.2031 (4) 0.283294 (16) 18.5  9.5 (11)
whole-rock 2 0.659 1.33 0.07025 (15) 0.283179 (8) 14.4 12.5 (6)
garnet 1 1.85 0.0534 4.922 (9) 0.287246 (36)
garnet 2 1.78 0.0465 5.437 (10) 0.287747 (21)
garnet 3 1.85 0.0358 7.344 (14) 0.289348 (36)

fraction ppm sm ppm Nd 143Nd/144Nd 147sm/144Nd εNd(0) εNd(t)

sample: PIs1
whole-rock 1 4.548 14.27 0.513001 (158) 0.1927 (4) 7.1 7.1 (31)
whole-rock 2 3.448 10.489 0.513088 (10) 0.1990 (4) 8.8 8.8 (2)

sample: MR1
whole-rock 1 3.787 11.47 0.513095 (6) 0.1996 (4) 8.9 8.9 (2)
whole-rock 2 3.863 11.67 0.513093 (9) 0.2001 (4) 8.9 8.9 (2)

sample: MR56
whole-rock 1 4.914 14.76 0.513094 (12) 0.2014 (4) 8.9 8.9 (2)
whole-rock 2 5.549 16.62 0.513095 (10) 0.2019 (4) 8.9 8.9 (2)
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176Lu/177Hf ranging from 2.36 to 7.34. For each sample, both 
whole rock splits and all three garnet separates measured 
 define isochrons, suggesting that sample-spike equilibration 
was achieved during the selective digestion procedure used for 

garnets and whole rock split. the two rutile separates analysed 
for each sample however, do not plot on these isochrons, possi-
bly indicating the lack of full isotopic equilibrium between the 
rutile fraction and their host rocks at the time of their crystal-
lization or that the rutile crystallized at a different time than 
garnet. the Lu-Hf garnet-whole-rock ages that have been ob-
tained for eclogites from the balma unit (Fig. 9) are 42.3 ± 0.6, 
42 ± 1 and 45.5 ± 0.3 Ma. these ages are younger than all Lu-
Hf ages established so far for south Penninic Units (Fig. 10).

5. Discussion

5.1 Significance of Lu-Hf Ages

If Lu-Hf garnet geochronology is to be applied to determine 
prograde growth ages, the following criteria have to be met: 
(1) garnet rims must have been in isotopic equilibrium with the 
whole rock matrix during garnet growth, (2) the garnets must 
have remained closed systems for Lu and Hf since their forma-
tion, and (3) the garnet separates analysed must not contain any 
significantly older inherited components, such as zircon (e.g., 
scherer et al. 2000). the Lu-Hf closure temperature (tc) after 
Dodson (1973) depends on multiple factors such as peak tem-
perature, cooling rate, mineral composition, and grain size and 
shape. the latter, along with presence of inclusions and their 
distribution, affect the effective diffusion radii. Only one direct 
estimate for tc of Lu-Hf isotopic system in garnets has been 
proposed: about 720–755 °c for rapid cooling rates (skora et 
al. 2006b). Most other estimates were made relative to the tc 
of the sm-Nd isotope system in garnet (e.g., scherer et al. 2000; 
Lapen et al. 2003). these authors predict that tc for the Lu-Hf 
system is higher than for the sm-Nd isotope system in the same 
garnet. Numerous tc estimates for sm-Nd in garnet have been 
published (Jagoutz 1988; cohen et al. 1988; Mezger et al. 1992; 
burton et al. 1995; Hensen & Zou 1995; becker 1997; scherer 
et al. 2000; Van Orman et al. 2002; thoeni 2002; tirone et al. 
2004), ranging between 490 °c for 0.2 mm size garnets and low 
cooling rates to 1050 °c for 3 mm size garnets and high cooling 
rates. the garnet porphyroblasts studied here have experienced 
peak temperatures of only 550–600 °c and are therefore un-
likely to have undergone Lu or Hf exchange with their sur-
roundings after their growth. this, together with the preserved 
prograde growth zoning in Mn2+, which, according to Van Or-
man et al. (2002), would diffuse faster than 3+ ions (e.g., Lu) and 
probably also 4+ ions (e.g., Hf), suggests that the Lu-Hf ages 
reflect garnet growth rather than cooling ages.

the effects of trace mineral inclusions on Lu-Hf garnet 
geochronology were investigated by scherer et al. (2000). Haf-
nium-rich inclusions, such as zircon and rutile, can lower the 
Lu/Hf and 176Hf/177Hf of a bulk garnet separate relative to those 
of pure garnet. Zircon is the most problematic of these minerals 
for Lu-Hf garnet dating because it may contain a significantly 
older inherited component that did not isotopically equilibrate 
with the whole rock at the time of garnet nucleation. In such a 
case, measured 176Lu/177Hf and 176Hf/177Hf values would lie on 

Fig. 9. Lu-Hf garnet (diamonds) whole rock (triangle) isochron plots for sam-
ples a) PIs1, b) Mr1 and c) Mr56. 2σ uncertainties used in regressions are 
always smaller than symbol sizes. calculated initial values and ages are based 
on λ176Lu = 1.865 × 10–11 yr–1 (scherer et al. 2001).
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mixing lines between pure garnet and zircon and whole rock 
(minus its zircon) and zircon, thus potentially producing an 
age bias. Zircon inclusions are commonly submicroscopic, and 
even the most carefully handpicked garnet separates may con-
tain them. rutile is part of the high pressure assemblage but 
may also carry an inherited Hf isotope signature, perhaps in 
the form of zircon inclusions. this might be the case for the 
balma samples as some of the rutile separates plot below their 
respective isochrons. Other rutile separates plot above the gar-
net-whole rock isochrons, suggesting that their Hf may be de-
rived from the breakdown of more radiogenic minerals. In the 
case of initial isotopic equilibrium among all mineral phases, 
the resulting lower Lu/Hf of zircon- or rutile-bearing garnet 
separates merely affect the precision of the age calculated and 
not its accuracy. to minimize inclusion effects, (1) the separates 
were carefully hand picked and (2) a selective tabletop diges-
tion procedure was applied, as previously described. For all 
three cases, all garnet separates plot on isochrons with both 

table-top- and bomb-digested whole rock fractions, suggesting 
that full sample-spike equilibrium was achieved and that any 
zircon present contains little if any significantly older inherited 
Hf component.

Despite the fact that all three samples originate from the 
same tectonic unit, the calculated Lu-Hf age of Mr56 clearly 
differs from that of the other two samples. the cause of this 
age difference may include one or both of the following ex-
planations: (1) If the garnet porphyroblasts grew over a long 
time interval (several million years), it is possible that differ-
ent core-to-rim Lu distributions would bias Lu-Hf ages of dif-
ferent samples towards different parts of the growth intervals. 
such Lu zoning can be produced by rayleigh fractionation 
during garnet growth (Lapen et al. 2003) or by diffusion-lim-
ited garnet growth (skora et al. 2006). Modelling by skora et 
al. (2006) suggests that at low temperatures, diffusion-limited 
garnet growth might even lead to a situation where Lu concen-
trations in garnet rims are in fact higher than in garnet cores. 

Fig. 10. Ages of HP and UHP metamorphism established in the western and central Alps over the last 10 years by Lu-Hf garnet, U-Pb sHrIMP-zircon, and 
U-Pb-rutile dating (1) Duchêne et al. (1997) recalculated with the decay constant of scherer et al. (2001). (2) Lapen et al. (2003), (3) Mahlen et al. (2003), (4) 
Mahlen et al. (2005), (5) Mahlen et al. (2006), (6) brouwer et al. (2005), (7) rubatto et al. (1999), (8) rubatto et al. (1998), (9) rubatto & Hermann (2003), 
(10) Liati et al. (2005), (11) Liati & Froitzheim (2006), (12) rubatto & Gebauer (1999), (13) Gebauer et al. (1996), (14) Gebauer et al. (1997), (15) rubatto & 
Hermann (2001), (16) Inger et al. (1996), (17) Lapen et al. (2007). the Lu-Hf ages of 36.6 ± 8.9 and 38.1 ± 2.9 Ma (brouwer et al. 2005) come from Alpe Arami 
and Gorduno, respectively. Further Lu-Hf garnet ages by brouwer et al. (2005) are not discussed, as their paleogeographic origin is difficult to interpret and/or 
they contain older components.
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In the absence of trace element profiles through the garnets in 
this study, neither of these two explanations can be excluded. 
(2) As inclusion-free garnet fragments were preferred during 
hand picking, there might be a systematic bias towards inclu-
sion-poor rim material. We therefore tentatively interpret the 
garnet ages to be weighted towards the later part of the garnet 
growth interval.

Even with the small age difference among the three eclog-
ites, all of the Lu-Hf ages are consistently older than the U-
Pb sHrIMP age of a metamorphic zircon rim in sample PIs1 
(40.4 ± 0.7 Ma, Liati & Froitzheim 2006). the offset of two to 
five Myr between the two chronometers is not unusual and 
can be seen in almost all Alpine units (Fig. 10), except for the 
Dora-Maira Massif, where coesite-bearing quartzites, rather 
than eclogites, were used for zircon dating (Gebauer et al. 1997; 
Duchêne et al. 1997). In addition, the Lu-Hf age established by 
Duchêne et al. (1997) for Dora Maira was based on only a sin-
gle two-point isochron. the consistent age differences between 
U-Pb zircon ages and Lu-Hf ages of garnet growth indicate that 
zircon growth most likely postdates garnet nucleation, which 
occurred during subduction-driven prograde metamorphism.

5.2 Characterisation of the protolith

An assessment of the tectonic setting (MOrb vs. OIb origin) 
of the balma metabasites (especially sample PIs1) can contrib-
ute to the paleogeographic assignment of the balma unit.

rare earth element patterns presented in Fig. 8a show a 
consistent depletion of LrEE relative to HrEE, suggesting a 
MOrb origin. However, a depletion of LrEE might also reflect 
fluid-rock interaction due to subduction-related dehydration 

(e.g., John et al. 2004). Light rEE and U are likely to be mo-
bilized, whereas HrEE, Nb, ta, Zr, and Hf are often relatively 
immobile. this appears to be the case for sample PIs1, which 
is strongly depleted in LrEE and shows a markedly positive 
Zr-Hf anomaly. In contrast, samples Mr1 and Mr56 do not 
show Zr-Hf anomalies and exhibit flat rEE patterns. Hence, 
the combined trace element evidence from the three eclogite 
samples suggests an origin of the eclogites from MOrb pro-
toliths. consistently high Zr/Nb ratios (46–50) also confirm a 
depleted mantle source.

Initial Hf and Nd isotope ratios obtained for the whole rocks 
clearly plot inside the field of MOrb (salters & White 1998; 
chauvel & blichert-toft 2001 and references therein, Fig. 11). 
Even though trace element patterns show that Nd may have 
been mobile during subduction, the εNd and εHf values of all 
three samples broadly overlap, indicating that the Nd isotope 
composition was not significantly disturbed. because zircon is 
not effectively dissolved by the table top digestion procedure, 
only Hf data from whole rocks digested in PArr-bombs were 
plotted in Fig. 11.

collectively, the combined trace element and isotope evi-
dence strongly suggest that the protolith for the studied eclog-
ites was a MOrb, thus precluding the possibility that the cre-
taceous protolith age of sample PIs1 (Liati & Froitzheim 2006) 
reflects late ocean island magmatism.

5.3. Previous geochronological results from  
the Penninic nappes

Ophiolite protolith ages: Jurassic protolith ages of ca. 164 Ma 
(U-Pb sHrIMP on zircon) were determined for metagabbros 
of the Zermatt-saas Zone by rubatto et al. (1998). All pro-
tolith ages from south Penninic ophiolites in the central and 
Western Alps range between ca. 142 and ca. 166 Ma (e.g., Kacz-
marek et al. 2008; review of data in Liati et al. 2003). Jurassic 
sHrIMP ages of ca. 155, 158, and 156 Ma, were also deter-
mined for metagabbro, amphibolitized eclogite, and amphibo-
lite of the Antrona Unit (Fig. 1, 2) by Liati et al. (2005). the 
Antrona ages were interpreted to indicate that this unit is a 
piece of south Penninic Ocean floor that was geometrically 
captured in the North Penninic basin by sinistral movement 
(Fig. 2; Liati et al. 2005). As mentioned above, eclogite sample 
PIs1 from the balma Unit yielded a cretaceous protolith age 
of 93.4 ± 1.7 Ma (cenomanian-turonian; Liati & Froitzheim 
2006). the age from the balma Unit is identical to two ages 
(93.0 ± 2.0 and 93.9 ± 1.8 Ma, Liati et al. 2003) determined on 
amphibolites of the chiavenna Ophiolite in the eastern central 
Alps, for which an origin from the North Penninic Ocean is 
widely accepted (e.g., schmid et al. 1996).

High-pressure metamorphism: Until ca. 1995; the high-pressure 
metamorphism in the Penninic Nappes was generally assumed 
to be cretaceous in age, mostly based on K-Ar and 40Ar-39Ar 
geochronology (compromised by excess argon). However, the 
application of U-Pb, sm-Nd, and Lu-Hf geochronology has 

Fig. 11. Initial Hf-Nd isotope compositions (t at 93 Ma) of eclogites from 
the balma Unit compared to compositions of MOrb and OIb (salters & 
White 1998; chauvel & blichert-toft 2001 and references therein). Whole 
rock samples plotted here were all dissolved in PArr bombs. 2σ errors are 
approximately symbol size. bsE values for Hf are taken from blichert-toft & 
Albarède (1997); values for Nd from (Jacobsen & Wasserburg 1980).
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shown that the high-pressure metamorphism is tertiary in age, 
except for the sesia Nappe, which already had experienced 
eclogite-facies metamorphism in the Latest cretaceous. the 
ages decrease from the upper to the lower tectonic units, that is, 
from southeast to northwest in terms of paleogeography. More 
recent 40Ar-39Ar work has confirmed the tertiary ages (Dal Piaz 
et al. 2001; Agard et al. 2002; bucher et al. 2003). Lutetium-Hf 
and U-Pb ages are compiled in Fig. 10 and discussed below with 
our tentative tectonic model (Fig. 12).

5.4 Tectonic implications

Our study provides additional support for a MOrb origin of 
the protoliths. together with the previously published ca. 93 Ma 
protolith age, this strengthens the evidence that oceanic spread-
ing was still active in the Late cretaceous. According to a plate 
tectonic model for the Alpine paleogeography (stampfli & 
borel 2004), spreading in the south Penninic Ocean took place 
in the Jurassic (Fig. 12a) and ceased by the Early cretaceous 
(barremian to Aptian), whereas the North Penninic Ocean 
opened in the cretaceous (Fig 12b). Geochronological data 
from south Penninic ophiolites and biochronological data from 
their cover units indicate that spreading began during the bajo-
cian and ended in the Kimmeridgian (bill et al. 2001). this re-
flects the northward propagation of the Atlantic opening past 
Iberia. In the Jurassic, the northern tip of the North Atlantic 
ridge was at the latitude of Gibraltar, and Atlantic opening was 
transferred into the south Penninic (Piemont-Ligurian) Ocean 
through a strike-slip zone south of Iberia. During the Early 
cretaceous, Atlantic opening propagated west of Iberia and 
was transferred to the North Penninic (Valais) Ocean through 
a transtensional zone between Iberia and Europe. therefore, 
our geochemical results, together with the Late cretaceous 
protolith age, support the interpretation of the balma Unit as 
North Penninic.

Figure 12 shows a tentative reconstruction of the paleotec-
tonic evolution assuming that the balma Unit is indeed North 
Penninic. In this case, the south Penninic and North Penninic 
oceans must have been consumed by two separate subduction 
zones. If only one subduction zone had existed, the paleogeo-
graphic units should have arrived in this subduction zone one 
after the other, starting with the south Penninic units and end-
ing with the European margin. the presently available Lu-Hf 
data (Fig. 10), however, suggest that subduction of the North 
Penninic Ocean started when subduction of the south Pen-
ninic Ocean was still going on or had just ended. this leaves 
no time for the subduction of the lithosphere which carried the 
briançonnais units. Our tentative model presented in Fig. 12 
therefore includes two partly contemporaneously active sub-
duction zones: one consuming the south Penninic and the 
other subducting the North Penninic Ocean. the Lu-Hf ages 
presented here, as well as all other published U-Pb sHrIMP 
and Lu-Hf data for the western and central Alps, fit well into 
this model. As pointed out before and illustrated in Fig. 10, U-
Pb sHrIMP ages seem to be offset relative to Lu-Hf garnet 

ages by roughly 4 Myr. this is interpreted to indicate that met-
amorphic zircon crystallized after garnet had already nucle-
ated along the prograde path. If our garnets are indeed biased 
by hand-picking towards inclusion free rims, this would place 
zircon growth in the latter part of – or even after – the garnet 
growth interval.

Eclogites from the sesia Nappe yielded ages of 71.6 Ma 
using Lu-Hf (Duchêne et al. 1997 recalculated with the decay 
constant of scherer et al. 2001) and of ca. 65 Ma using U-Pb 
on sphenes (Inger et al. 1996) and U-Pb sHrIMP on zircon 
(rubatto et al. 1999) (Fig 12c). In units from the south Pen-
ninic Ocean (Zermatt-saas Zone, Monviso Unit) eclogite-
 facies metamorphism has been dated at 60 ± 12 and 62 ± 9 Ma 
(sm-Nd garnet ages by cliff et al. 1998) (Fig. 12d). However, 
most Lu-Hf ages cluster around 49 Ma (Duchêne et al. 1997 re-
calculated with the decay constant of scherer et al. 2001; Lapen 
et al. 2003; Mahlen et al. 2003, 2005, 2006) (Fig 12e), and U-Pb 
sHrIMP ages are again slightly younger (44.1 ± 0.7 and 45 ± 1 
rubatto et al. 1998; rubatto & Hermann 2003) (Fig. 12f). Lute-
tium-Hf ages of 45.5 ± 0.3, 42 ± 1 and 42.3 ± 0.6 Ma (this study) 
for North Penninic Ophiolites (Fig 12f, g), suggest that subduc-
tion of the North Penninic Ocean started roughly at around 
50 Ma (Fig 12e). Once again, U-Pb sHrIMP ages (37.1 ± 1.9, 
38.5 ± 0.7 and 40.4 ± 0.7 Ma, Liati et al. 2003; 2005 and Liati & 
Froitzheim 2006) (Fig. 12h) are younger than the Lu-Hf ages, not 
only for the same unit but in this case even for the same sample: 
sample PIs1 was analyzed by both methods and yields a U-Pb 
sHrIMP age of 40.4 ± 0.7 Ma (Liati & Froitzheim 2006) and a 
Lu-Hf age of 42.3 ± 0.6 Ma (this study). the first HP ages in the 
European margin, more precisely in the Monte rosa Nappe, 
are 42.6 Ma (Lapen et al. 2007) using U-Pb in rutile (Fig. 12g). 
However, it must be stressed that the paleogeographic posi-
tion of the Monte rosa Nappe is controversial. A ca. 35 Ma U-
Pb sHrIMP age has been published for the Gornergrat series 
(rubatto & Gebauer 1999), which was attributed to the Monte 
rosa Nappe by these authors, but according to our tectonic in-
terpretation it rather belongs to the st. bernard Nappe (brian-
çonnais). this age is therefore difficult to interpret. Lu-Hf gar-
net ages of 36.6 ± 8.9 and 38.1 ± 2.9 Ma (brouwer et al. 2005) 
from the Adula Nappe (European margin) are in good agree-
ment with 35.4 ± 0.5 Ma U-Pb sHrIMP ages from the same 
area determined by Gebauer et al. (1996) (Fig 12i). similar ages 
were determined for UHP metamorphism in the Dora-Maira 
Unit (which also belongs to the European margin according 
to our interpretation): 35.4 ± 1 and 35.1 ± 0.9 Ma using U-Pb 
sHrIMP (Gebauer et al. 1997; rubatto & Hermann 2001) and 
34.1 ± 1.2 Ma using Lu-Hf (Duchêne et al. 1997 recalculated 
with the decay constant of scherer et al. 2001). this is the only 
occasion where a Lu-Hf age (two point isochron) is not signifi-
cantly older than associated U-Pb sHrIMP ages, which could 
be due to the fact that coesite-bearing quartzites rather than 
eclogites were analyzed (Gebauer et al. 1997; Duchêne et al. 
1997). Fig. 12j shows our tentative model for the Western Alps, 
taking into account the slab extraction model after Froitzheim 
et al. (2003). such an event could have triggered ca. 33–30 Ma 
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Fig. 12. tentative model for the paleotectonic evolution of the western Alps, showing the spreading and the subduction of the south and North Penninic Oceans. 
All published Lu-Hf and U-Pb sHrIMP ages are consistent with this model as discussed in the text, and indicated by arrows. (j) is taking into account the slab 
extraction model after Froitzheim et al. (2003) (lower arrow). such an event could have triggered ca. 33–30 Ma old magmatism along the Insubric lineament 
(kinematic arrow). sketches have not been scaled for convergence rate or subduction depth.
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old magmatism along the Insubric lineament (e.g. Oberli et al. 
2004).

6. Conclusions

Our combined major- and trace element and Lu-Hf data for 
eclogites from the balma Unit provide new constraints on the 
tectonic evolution of the western Alps. Previous models can 
now be modified as follows:

1) trace elements and initial Hf-Nd isotope data strongly sug-
gest that MOrb-type ocean crust provides the protolith for 
the balma eclogites. consequently, the cretaceous U-Pb 
sHrIMP age of synmagmatic zircon cores established from 
sample PIs1 (Liati & Froitzheim 2006) does not relate to 
late OIb magmatism in the south Penninic Ocean. rather, 
the balma unit was apparently derived from the North Pen-
ninic Ocean because that ocean was still actively spreading 
at the time.

2) Lutetium-Hf garnet ages obtained for three eclogites from 
the balma unit range from 42 to 45.5 Ma and are systemati-
cally younger than those reported for south Penninic units 
(46.5–55.6 Myr).

3) In most cases Lu-Hf ages for eclogites in the Alps are con-
sistently two to six Myr older than U-Pb sHrIMP ages 
for the same units. For example, the Lu-Hf garnet age of 
PIs1 is ca. 2 Myr older than the U-Pb sHrIMP age deter-
mined for metamorphic zircon in the same sample. this 
may reflect garnet growth during prograde metamor-
phism and zircon growth at or after the peak pressure 
conditions.

4) Our tentative paleotectonic model suggests simultaneous 
subduction of two oceanic basins in the Western Alps. 
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